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ABSTRACT

StarFinder is a new code for the deep analysis of stellar fields, designed for well-sampled images with high and low Strehl
ratio. It is organized in the form of a self-contained IDL widget-based application, with a ‘user-friendly’ graphic interface
We give here ageneral description of the cmde dong with some gplicaions to red data with spaceinvariant Point Spread
Function (PSFH. We present also some methods to handle anisoplanatic efeds in wide-field Adaptive Optics (AO)
observations.
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appli cation software.

1. INTRODUCTION

A stellar field can be represented as a superposition of stellar images on a smooth badkground emission, due to faint
undeteded stars, diffuse objeds, etc. The image of a single point source can be dther constant or spatially variable acoss
thefield.

The task of analyzing a aowded stellar field implies a reliable detedion of the point sources and a determination of their
position and flux. In the cae of AO observations, the mmplex feaures of the PSF may induce false detedions and affed
the photometry of faint objeds’. On the other hand an AO PSFis well sampled, i.e. the pixel dimension is not larger than %2
Full Width at Half Maximum (FWHM). The gproach followed in StarFinder®* exploits as much as possble the available
knowledge of the PSF structure.

A major drawbadk of wide-field imaging with current AO systems is the presence of strong anisoplanatic efeds®: off-axis
stars appea blurred and radialy elongated toward the reference source, commonly referred to as guide star. The analysis of
such a stellar field requires the knowledge of the PSFin isoplanatic sub-patches of the imaged region. A general method to
reconstruct the local PSFon the basis of reaorded wavefront sensor data has been recently described ©.

In the present paper we describe the general feaures of the StarFinder code, along with some gplications to red AO data
with high and low Strehl ratio, charaderized by a nealy spatially invariant PSF. Moreover we present our approad to the
problem of anisoplanatism in AO images.

The mde versatility has been also proved by an application to some NICMOS HST observations’, which were analyzed by
StarFinder and DAOPHOT?,
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2. CODE DESCRIPTION
2.1. Analysisprocedure

The PSFis treaed as a template for al the stars in the isoplanatic field, so its knowledge is fundamental for a reliable
analysis. The determination of the PSF in StarFinder is obtained as median of a set of ‘bona fide’ uncontaminated star
images, badground-subtraded, centered with sub-pixel accuracy and normalized. The halo of the retrieved PSF is then
smoaothed, applying a median filtering technique with variable box size

The analysis of astellar field then is carried aut forming alist of suspeded stars ®leded as statisticdly significant intensity
peks above the badkground, which is estimated by interpolating a set of sky measurements relative to sub-regions arranged
inaregular grid®.

The presumed stars are listed by deaeasing intensity and analyzed one by one. In order to ill ustrate ageneric step of the
algorithm, we assume that the first n objeds have drealy been examined and that a suitably scded and pasitioned replica of
the PSF has been put in a‘ synthetic stellar field' for ead star deteded up to this point. The (n+1)-th objed in the list might
be asemndary PSF feaure of a brighter star and this can be as®ssd by subtrading the loca contribution of the brighter
sources, known from the synthetic image. If a statisticdly significant residua can till be identified above the locd
badkground, it is compared to the PSFwith a correlation chedk, as an objedive measure of similarity. The objed in hand is
then accepted as a star if the aorrelation coefficient is greaer than a selected level, and its position and flux are obtained by
means of alocd fit, performed on a small sub-image of size @mparable to the diameter of the first diffradion ring of the
PSF. The fitting model includes the contribution of the bright stars outside the fitting region known from the synthetic field,
a danting plane representing the locd badkground and a sum of shifted weighted replicas of the locd PSF, one for eat
point-source individuated in the fitting region. Sub-pixel astrometric acuracy is achieved by a nonlinea optimization of
the star paositions, which is based on the interpolation of the given PSF array. A similar technique has been described by
Véran and Rigaut'®. If the fit is acceptable the star field caalogue and the related syntethic image ae upgraded by the new
entry.

The sequence of steps described above (re-identificaion by subtradion, correlation check, locd fitting, synthetic field
upgrading) is performed for ead objed in the initial list. At the end of the analysis one may perform a new seach for
previoudly lost objeds (e.g. secondary components of close binary stars, faint stars detedable only at a lower correlation
level, etc.), removing the wntribution from all the stars deteded up to this point. It should be stressed that thisisjust atool
to highlight significant residuals, which are dues of an incorred detedion or of the need to take into acaunt a new objed to
be analyzed. Any further procedure operation, performed on the original frame, is aimed to eliminate the dfeds arising
from the wings of nea luminous stars or other posshble sources.

2.2. IDL code and user interface
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Figure 1. Left: Main widget. Right: widget form to define the parameters for stell ar fields analysis.



The StarFinder algorithm was originally creded as an IDL program to analyze asingle stellar field image. Then it has been
provided with a mlledion of auxiliary routines for data visualizaion, PSF extradion, noise estimation, basic image
processng, in order to alow the user to analyze astellar field, produce a output list of objeds and compare different lists,
e.g. referred to dff erent observations of the same target.

A widget-based graphicd user interfacehas been creaed. The main widget appeaing on the screen (Fig.1) is an interfaceto
other widget-based applicaions, ead corresponding to a particular operation (e.g. PSF estimation, stars detedion,
comparison of lists, etc.). The secondary applicéions block the accesto the main widget, in order to avoid ‘crosstalks,
which might corrupt the data essociated to the current sesson. The basic documentation about the code can be found in the
on-line help pages.

The mdeisentirely written in the IDL language and has been tested on Windows and Unix platforms supparting IDL v. 5.0
or later.

3. APPLICATIONSWITH SPACE-INVARIANT PSF

3.1. High Strehl case

The dgorithm has been run on a K-band PUEO image of the Galadic Center (Fig. 2), kindly provided by Francois Rigaut.
Thisimage is an example of awell-sampled high-Strehl AO observation of a stell ar field.

Figure 2. Left: PUEO image of the Galadic Center. Right: recmnstructed image, given by the sum of ~ 1000 deteded stars and the
estimated badkground The display stretch is logarithmic.

The total field of view is about 13x13 arcsec? and the pixel size 0.035arcsec. The PSFis nealy stable acossthe image,
apart from some minor feaures espedally on the shape of the first diffradion ring. We will show that assuming a constant
PSFit is posshleto okltain acairate results.

About 1000stars have been deteded, with a crrelation coefficient of at least 0.7; the reconstructed image is shown in Fig.
2. We have evaluated the acaracy of the dgorithm by means of an experiment based on the aldition of artificial stars: for
eat magnitude bin in the retrieved luminosity function (Fig. 3), 10% of synthetic stars at random positions have been
added to the original image. In pradice 10 frames have been creaed with this procedure and analyzed separately. The
caaogues of deteded artificial stars for ead frame have been merged together; then the astrometric and photometric errors
have been computed and plotted as a function of the true magnitude. The plots sow acairate astrometry and photometry
and there is no apparent photometric bias. It is interesting to consider the acaracy for the stars brighter than a relative
magnitude of 5: the mean astrometric eror is <0.5 mas and the mean absolute photometric eror is <0.01 mag. The atificial
sources are @ntaminated by the badkground noise drealy present in the observed data and by the photon noise due to
neighboring stars; no additional photon noise has been added, so the aror estimates should be regarded as lower limits.
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Figure 3. Estimated luminosity function.
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Figure 4. Left: plot of astrometric arors vs. relative magnitude of deteded synthetic stars; the erors are quoted in FWHM units (1
FWHM 004 pixel) and represent the distance between the true and cdculated pasitions. Right: plot of photometric arors. A tolerance of 1
PSF FVHM has been used to match ead deteded star with its true counterpart.

3.2. Low Strehl case

A low-Strehl example is represented by a K-band image of the globular cluster 47Tuc, observed at the ESO 3.6m telescope
with the ADONIS AO system (Fig. 5). The PSFisvery well sampled, with a FWHM of ~ 6 pixels (1 pixel = 0.1 arcsec).

As in the previous high-Strehl case, we have evaluated the acaracy of the dgorithm by means of an experiment with
synthetic stars. The astrometric and photometric arors of the deteded artificial sources are shown in Fig. 6. Abou 40% of
the deteded synthetic stars have an astrometric error smaller than 0.1 PSF FAVHM and photometric acarracy better than 0.1
mag; in the previous example the @rresponding percentage is 56%: we &tribute the lower acairacy in the low-Strehl case
to the worse image quality.
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Figure5. Left: 47Tuc observed image. Right: reconstruction. The display stretch islogarithmic.
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Figure 6. Left: plot of astrometric erors vs. relative magnitude of deteded synthetic stars; the erors are quoted in FWHM units (1
FWHM 006 pixel) and represent the distance between the true and the cdculated position. Right: plot of photometric erors. A tolerance of
1 PSF PWHM has been used to match ead detedted star with its true counterpart.

4. ANISOPLANATIC EFFECTS
4.1. Statement of the problem
An example of a wide-field AO observation is shown in Fig. 7: it represents a 1'x1' image of the Trapezum cluster,
obtained with the CFHT. A comparison between the guide star and the off -axis star shown in the same figure dealy shows

the strong anisoplanatic efed affeding thisimage: the Strehl-ratio deaeases by a fador of [B and the FWHM increases by
afador of [2.
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Figure 7. Left: Trapeaum cluster, observed in the K-band with the CFHT; the aossindicaes the guide star. Center; guide star. Right:
off-axis gar.

The relatively small angular size of the region of sky correded by current AO systems is well known. A significant
improvement in this nse will be possble with multi-conjugate AO systems' and 3D atmospheric tomography
techniques'. The main result of a theoreticd analysis™ © of the anisoplanatic effed in current AO systems is that the off-
axis PSFcan be expressd as the mnvolution of the on-axis PSF(guide star) with a spatially variable kernel, i.e.

PSF(r,a): PSF(r,O)DK(r,a). (1)

In the following three subsedions we describe our approaches to the problem of the PSF spatial variation, based on
equation 1.



4.2. Modeling the PSF variation

The first method is based on a parametric modeling of the anisoplanatic kernel: this would be an appeding solution, becaise
such a model could be cdibrated using a few reference point sources and could then be used to reproduce the PSF at any
locdioninthefield of view.

The simplest model can be obtained considering the effed of residual tip-tilt, arising from the partial corredion of the
instantaneous image-motion. A long exposure PSF degraded by uncorreded instantaneous image-motion can be represented
as the mnvolution of the short-exposure PSFwith a bivariate gaussan®, whose standard deviation is related to the RMS of
the instantaneous jitter. On the other hand the major effed observed in the Trapezum image isaradia elongation of the off-
axis PSF. This suggests to represent the anisoplanatic kernel associated to the residual tip-tilt with a ssmple dlipticd
gaussan elongated toward the guide star.

We have gplied this method to the Trapezum image, fitting many stars at various radial distances with a model given by
the convolution of the guide star with a suitable dlipticd gaussian. The measurements of the radial and lateral standard
deviation of the kernel are plotted in Fig. 8, as a function of the distance from the reference source A linea fit to the
measurements, excluding the mnstant term of the polynomials, yields aratio of the radial to the lateral elongation of about
1.81, 5% larger than the theoreticd value'® of V3. This is a good agreement. Nevertheless the measurements show a
considerable scatter. Moreover the measured values of radial elongation rea the origin (seethe first plot in Fig. 8) are
systematicaly below the best fit line. Finally we have found that the estimated values of the parameters tend to increase
with the size of the sub-image used for the estimation: this suggests that a single mmponent model, represented by an
elli pticd gaussian, cannot represent the kernel at different radial distances from its center. A dired deconvolution of an off-
axis observed PSF from the guide star produces a kernel with a cetral peak superposed on a wider irregular ‘halo’.
Probably a two-component model (e.g. the superposition of two scded gaussian functions of different width) would
represent a substantial improvement. We leave this point to further investigation.
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Figure 8. Left: radial elongation d convolving gaussan. Right: transversal width.
4.3. Photometry with a set of local PSF estimates

Another approac is the partition of the stellar field into a regular grid of nealy isoplanatic sub-regions and the PSF
determination for ead patch: this corresponds to a piecewise nstant approximation of the anisoplanatic kernel.
StarFinder is then applied to analyze suspeded stars using the gpropriate PSFin ead field partition.

In order to test the acaracy achievable with this approad), we have simulated a stellar field with 1000 pént sources
randomly placed, extrading the relative magnitudes from an observed luminosity function with a dynamic range of 8 mag.
The point sources have been convolved with a high-Strehl critically sampled synthetic PSF of the ESO ADONIS system.
The simulated image with space-invariant PSFis shown in Fig. 9. Then we have generated a similar field with space-variant
PSF, given by the acnvolution of the reference PSF with an ellipticd gausdan elongated toward a reference position,
corresponding to the bright star at the center of the image in Fig. 9. The wefficients (radial and transversal standard
deviation) of the anisoplanatic kernel depend linealy on the distance from the guide star and have a onstant ratio of v3; the
dope of the linea paynomias expresgng these mefficients as a function of the radial distance has been chosen in order to
have a Strehl ratio reduction between the guide star and a source in the crner of the image of a fador (2.4 and a
corresponding increase in the mean PSF FVHM of afador (1.9 (see xia plotsin Fig. 9).

The stellar fields have been contaminated with photon and gaussian noise: the signal to noise ratio of the fainter sources,
expressd by the ratio of the pe&k intensity of the star to the overall noise standard deviation in the same pixel, is not larger
than 10.



The goal of the present analysis is to compare the photometric acarracy obtainable with the same stellar population in the
isoplanatic and anisoplanatic case, assuming here known the locd PSFon a grid of NxN sub-regions. The results are shown
in Table 1 and Fig. 10. The acaracy in the spacevariant case increases with the number of locad measurements of the PSF,
we exped that in the limit of a very dense partitioning of the imaged field, it would tend to the one adievable in the space
invariant case. In general the locd PSF has to be extraded dredly from the image, as a superposition of neighboring stars;
we ae developing an automatic procedure for this purpose.
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Figure 9. Left: simulated stellar field with spaceinvariant PSF. The image sizeis 512x512. Right: axia plot of on-axis (continuous line)
and df-axis (dashed line) PSF in the corresponding simulated field with spacevariant PSF.

Case % deteded | % false | |Amag|
S 98 0.0 0.030
SV 3x3 95 0.2 0.089
SV 5x5 96 0.5 0.066
SV 7x7 96 0.2 0.056

Table 1. Detedion reliability and photometric acarracy for the spaceinvariant (S-1) and the spacevariant (S-V) case, assuming to know
thelocd PSFonaregular grid NxN, for N=3, 5, 7.
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Figure 10. Left: phaometric acarracy on simulated field with spaceinvariant PSE Right: photometric acaracy on simulated field with
spacevariant PSF, measured ona 7x7 grid.

4.4. Removing the anisoplanatic effect by space-variant deconvolution

The relation between the off-axis and the on-axis PSFs (Eqg. 1) is the basis of a method to remove the anisoplanatic efed
from an AO observation.

Given an intensity distribution x(a', B') representing the target objed, namely a sum of weighted delta-functions in the
case of astellar field, the image formed by alinea system is given by the well-known Fredholm superpasiti on integral

y(a,B)= I ha,8.a’,8')x(a", 8')da'dp’, 2



where h(a, B,a’, ') is the response in (ar, 8) to a paint source placad in (o', ). A discretization of the @ove integral
leads to the matrix eguation

y =Hx, (©))

wherethe aray H isblock-circulant™® in the spaceinvariant case.
According to equation 1 we can express H in the form

H=KH', (4)

where H' isthe block-circulant array corresponding the on-axis PSFand K represents the anisoplanatic kernel.
Repladng equation 4 in 3 we obtain

y=(KH)x=K(H'x)=Ky’, (5)

where y' = H'x istheimage asif it were obtained by an isoplanatic system.
In order to find the unknown intensity distribution y* we must be éle to deconvolve the observed image from the space

variant kernel K . Since the aray K has no particular structure, we @annot invert it, but we have to rely on iterative
deoonvolution algorithms based only on the gplicaion of the dired blur. An example is the accéerated Richardson-Lucy
(R-L) algorithm®’, given by the iterative scheme

1 ’ 1 1 ID T y D
yi+1 :yi +a\ AY. 1 Ay\ :y\ |]( %%1D (6)
B Kvio 8

If the blurring kernel is known on a partition of the image domain, the gplicaion of the blurs K and KT in the R-L
method can be dficiently performed by means of the ‘overlap & save’ and ‘overlap & add’ schemes'®. In pradicethe space
variant blur is applied to non-overlapping sub-regions of the objed of interest, taking into acount the ‘interadion’ effects
between adjacent patches; in this way the objed is treaed as a whole, preventing the onset of 'sewing effeds. Piecewise
constant and linea interpolation schemes of the locd measurements of the blurring function can be alopted. The ‘overlap &
save’ and ‘overlap & add agorithms have been coded in IDL and inserted in the R-L method.

In the cae of astellar field, it is possble to determine the space-variant kernel K by partitioning the observed image into
nealy isoplanatic sub-patches and then demnvolving the locd PSF for ead sub-region from the guide star. The set of
measurements of the anisoplanatic kernel can then be fed into the R-L scheme for the spacevariant de-blurring of the
observed image.

The procedure described above has been applied to the simulated field described in Sed. 4.3, asauuming to know the locd
PSFon a 7x7 partition of the image. A comparison of an axial profile acossthe guide star and an off-axis PSF before and
after removing the anisoplanatic effect is shown in Fig.11. In order to assessthe photometric reliability of the mrreded
image, we have gplied the spaceinvariant StarFinder. The photometric analysis has been performed with a PSF estimate
extraded dredly from the crreded field, to average out the residual PSF variations which would not be acounted for
using the guide star. The photometric arors for the deteded stars are plotted in Fig. 11: the mean absolute aror is [10.058
mag., comparable to the results obtained in Sed. 4.3 by means of the space-variant StarFinder, and the photometry appeas
to be substantially unbiased. The detedion rate is the same ([P8%), even though we report a slightly higher percentage of
false detedions ([(11%), which might be a ®nsequence of the noise propagation in the deconvolution process
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Figure 11. Left: axia plot of an doff-axis gar in the spaceinvariant image (continuous line), in the spacevariant image (dashed line) and
in the reconstructed image (star symbals). Right: photometric acairacy on the reconstructed image.

5. CONCLUSIONS

The StarFinder code seams to be ale to analyze alequately sampled high- and low- Strehl images of crowded fields with
high accuracy, and the working version up to this point is available under request to E.D. Its implementation aimed at the
choice of a suitable strategy in analyzing images with space variant PSF is in progress strongly encouraged by the
preliminary results obtained on anisoplanatic images.
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